The review provides an overview of the training of ophthalmology residents to perform glaucoma surgery.
INTRODUCTION
Residents in ophthalmology are expected to develop competency in performing a broad range of ophthalmic procedures. Glaucoma surgery is one of the core areas evaluated by the Accreditation Council for Graduate Medical Education (ACGME) with the Resident Case Log System, the online system used to monitor resident surgical experience [1] . Surgical training involves an understanding of the preoperative assessment and postoperative management of patients. This is particularly important in glaucoma surgery because the surgical indications are less standardized and the postoperative care is more complex compared with many other ocular procedures. Technical skills may be acquired while observing or assisting in surgery. However, the greatest learning occurs when the resident is operating as the primary surgeon.
Several issues relating to resident glaucoma surgery should be considered. Ethical concerns exist about a novice surgeon performing a procedure in a live patient which has not yet been mastered. Many glaucoma procedures have a narrow tolerance for intraoperative error, and even seemingly small mistakes in surgical judgment or technique may result in irreversible adverse events. There are added costs associated with the inherent inefficiencies of resident-performed surgery. Discussions among educators are ongoing regarding the minimum number of cases needed for residents to gain surgical competence. The inclusion of recently developed glaucoma procedures into residency training has also been debated.
The purpose of this review is to describe the glaucoma surgical experience currently provided by ophthalmology residency programs in the United States. We discuss recent studies evaluating the outcomes of glaucoma surgery performed by residents. We present elements of a structured curriculum for glaucoma surgery, which seek to optimize resident learning and patient safety.
Data on the operative experience of ophthalmology residents demonstrate some interesting trends in glaucoma surgery. The ACGME requires that each resident perform a minimum of five glaucoma filtering/shunting procedures as primary surgeon before graduation [1] . Figure 1 shows the number of filtering and shunting procedures performed with the resident as primary surgeon from 2009 to 2014. The average number of incisional glaucoma surgeries during training has remained fairly stable at approximately 10 cases/resident. However, there has been a steady decrease in the average number of filtering procedures and a concurrent increase in the average number of shunting procedures.
Chadha and associates [2 & ] noted that the growing use of tube shunts as an alternative to trabeculectomy in residency training mirrors an observed trend among Medicare beneficiaries [3
&&
]. The authors attributed the shift in glaucoma surgical practice patterns to influence from the Tube Versus Trabeculectomy Study, a multicenter randomized clinical trial comparing the safety and efficacy of tube shunt implantation and trabeculectomy with mitomycin C (MMC) in eyes with prior ocular surgery [4] [5] [6] . They expressed concern that residents may be inadequately trained to perform trabeculectomy and manage patients who have undergone this procedure [2 & ]. The ACGME emphasizes that surgical numbers are only an indicator of resident experience and do not directly translate into proficiency [1] . It is the responsibility of training programs to ultimately judge the surgical competence of each resident.
A survey of ophthalmology residency program directors by Golden and colleagues [7] provides further insights into resident glaucoma surgical training in the United States. A majority of ophthalmology residents (72%) began observing glaucoma surgery during the first year of residency, and most started assisting in glaucoma surgery as first-year (40%) or second-year (48%) residents. Initial exposure to glaucoma surgery as the primary surgeon generally occurred during the third year of residency (67%). Fellowship-trained glaucoma surgeons were responsible for teaching residents most or all glaucoma surgery at 84% of residency programs. Multiple staff surgeons were responsible for teaching glaucoma surgery at 75% of programs, allowing exposure to more than one surgical technique.
STUDIES OF RESIDENT GLAUCOMA SURGERY
Several retrospective studies have evaluated outcomes of resident glaucoma surgery [8-10 && ,11 -13] KEY POINTS A recent increase in shunting procedures and decrease in filtering procedures by graduating ophthalmology residents parallels the surgical trend observed among Medicare beneficiaries.
The outcomes of glaucoma surgery performed by residents and glaucoma specialists are similar in retrospective comparative studies.
A structured curriculum can assist residents' transition from the wet laboratory to live glaucoma surgery. and are summarized in ] found a cumulative probability of surgical success (IOP 15 mmHg or 15% reduction, no additional glaucoma surgery and no loss of light perception vision) of 65.0% at 5 years.
Studies have retrospectively compared different glaucoma procedures performed by residents at the same training institution. Connor and coworkers [11] evaluated trabeculectomy with MMC and tube shunt surgery done by residents at the University of Florida. The probability of failure (IOP > 21 mmHg or reduced <20%, IOP < 5 mmHg, glaucoma reoperation, no light perception vision) at 1 year was 38% in the trabeculectomy group and 17% in the tube shunt group (P < 0.05). Complications were observed in 30% of eyes after trabeculectomy and 10% of eyes after tube shunt surgery. Seider and associates [12] compared trabeculectomy and Ex-PRESS shunt implantation performed by residents at the University of California, San Francisco. The rates of surgical success (IOP 6-21 mmHg, no glaucoma reoperation) at 1 year were 85% in the trabeculectomy group and 91% in the Ex-PRESS group.
Complication rates were 57.9% in the trabeculectomy group and 61.1% in the Ex-PRESS group (P ¼ 0.68).
Retrospective studies have directly compared glaucoma surgery performed by residents to those performed by supervising attending surgeons. Morrell and coworkers [13] investigated trabeculectomies performed by senior surgeons and surgeonsin-training at the Birmingham and Midland Eye Hospital in the United Kingdom. Surgical success (IOP < 21 mmHg without progression) was achieved in 85.1% of resident-performed cases and 92.0% of cases by senior surgeons (P ¼ 0.96). In the previously discussed study by Kwong and colleagues [10 && ], a subset of trabeculectomies with MMC performed by residents at the University of California, Los Angeles were case matched with procedures by attending glaucoma specialists at the Jules Stein Eye Institute. The cumulative probability of success was 62.1% and 65.5% at 5 years for the resident and attending cases, respectively (P > 0.05).
STRUCTURED CURRICULUM FOR GLAUCOMA SURGERY
Many ophthalmology residency programs have successfully implemented a structured curriculum to transition residents into cataract surgery. Rogers and associates [14] showed that institution of a cataract surgical curriculum significantly reduced the rate of surgical complications in resident cataract surgery at the University of Iowa. A similar approach in curriculum development for cataract surgery may be applied in resident glaucoma surgery.
Shen and colleagues [15 && ] described the introduction of a glaucoma surgical curriculum for residents at the Massachusetts Eye and Ear Infirmary. The curriculum consisted of preoperative training, intraoperative teaching, and postoperative feedback. Glaucoma surgical volume increased, a selfassessment survey showed improvement in suturing, and a standardized assessment of surgical skills demonstrated an improvement in handling adverse events following implementation of the curriculum. Table 2 lists elements of a structured curriculum for glaucoma surgery that was developed at the Bascom Palmer Eye Institute.
Written goals and objectives
The ACGME mandates that overall educational goals for the residency program, and specific goals and objectives for every rotation at each level of training must be provided to residents in a written or electronic format [1] . The initial exposure to glaucoma surgery at the Bascom Palmer Eye Institute occurs during the glaucoma rotation in the second year of residency. The goals and objectives are reviewed with the resident at the start of the rotation, including a list of cognitive and technical skills that the resident is expected to acquire. Examples of cognitive skills include, 'to describe the basic steps involved in trabeculectomy and tube shunt surgery' and 'to describe the postoperative complications seen after glaucoma surgery.' Examples of technical skills include, 'to perform laser trabeculoplasty' and 'to perform trabeculectomy.'
Pretest/posttest
A glaucoma quiz is administered to the resident at the beginning of the rotation. Table 3 shows sample questions related to glaucoma surgery that are incorporated into the quiz. Additional questions on glaucoma diagnosis, epidemiology, clinical trials, medical management, and laser therapy are included. The quiz is readministered at the end of the rotation with the goal of demonstrating improvement in glaucoma knowledge.
Assigned reading list
An assigned reading list is provided to the resident at the start of the rotation consisting of selected peerreviewed papers and chapters from glaucoma textbooks. Surgical atlases with abundant illustrations are particularly instructive to support the written descriptions of glaucoma procedures.
Review of surgical videos
Surgical videos of procedures to be performed during the rotation are reviewed with the resident, including trabeculectomy and tube shunt surgery. Each step of the procedure is discussed in detail with a member of the glaucoma faculty.
Mandatory wet laboratory
The ACGME requires that all ophthalmology programs have a surgical skills development resource (wet laboratory and/or virtual reality simulator) [1] . Human cadaver eyes are readily available to our residents from the Florida Lions Eye Bank and are used to practice surgical techniques in the wet laboratory. Table 4 presents a mandatory wet laboratory checklist that must be completed by the resident prior to performing surgery on a live patient. The checklist assesses knowledge of the common ophthalmic instruments used in glaucoma surgery and establishes proficiency of various steps in glaucoma procedures.
Virtual reality simulators have become available to many ophthalmology residency programs to assist in surgical training [16] . These simulators have generally focused on cataract and retinal surgery, but basic modules allow residents to become more comfortable working under an operating microscope. Additionally, simulation models have been developed for various glaucoma procedures, including goniotomy [17, 18] , trabeculectomy [19] , and abinterno trabeculectomy [20] .
Assisting in surgery
The resident assists and observes glaucoma surgery prior to operating as the primary surgeon.
Standardized evaluation of surgical skills
Several standardized instruments have been developed to evaluate resident surgical skills [21] [22] [23] [24] . The Global Rating Assessment of Skills in Intraocular Table 3 . Sample questions related to glaucoma surgery 
Surgery is a one-page evaluation form that has been validated and may be used for any intraocular procedure [22] . This surgical assessment tool consists of 10 components of operative skills graded on a 5-point Likert scale and may be easily adapted to glaucoma surgery.
Feedback
Formative feedback is 'on-the-spot' feedback that occurs during the learning process (e.g., during a surgical case or immediately after). Summative feedback is provided at the end of a learning period (e.g., end of rotation). Reinforcing feedback is especially valuable for novice learners, whereas advanced learners benefit more from corrective feedback. Feedback is critical in promoting continued improvement of residents and the residency program.
Milestone assessment
The ACGME launched the Next Accreditation System in ophthalmology in July 2014. This extensive revision of the process by which residency programs are accredited has significantly impacted ophthalmology residency training [25] . An important component of the Next Accreditation System is milestone assessment. 'Milestones' are observable developmental steps that describe a trajectory of progression from novice (entering resident) to proficient (graduating resident). Faculty members report resident progress to a Clinical Competency Committee, and a formal milestone assessment is provided to the ACGME semiannually. Milestones have been established for glaucoma surgery as a product of the Ophthalmology Milestone Project, a collaborative effort between the ACGME and American Board of Ophthalmology [1].
CONCLUSION
Glaucoma surgical training is an important part of the overall ophthalmology resident experience, and the ACGME mandates that a minimum number of glaucoma procedures be performed with the resident as primary surgeon [1] . These cases are generally done during the final year of residency, and multiple faculty with glaucoma subspecialty training provide surgical instruction [7] . The increase in the number of shunting procedures and concomitant decrease in filtering procedures among resident graduates parallels the surgical trend observed in Medicare beneficiaries [2 ,3 && ]. Despite concerns about the proficiency of novice surgeons, retrospective studies have reported similar outcomes following glaucoma surgery performed by residents and experienced glaucoma specialists [8-10 && ,11 -13] . Implementation of a structured curriculum for glaucoma surgery helps residents transition to surgery on a live patient, and it is expected to maximize resident learning and patient safety. 
